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I. INTRODUCTION 


In view of the extensive use of distilled water as a medium 
in which to grow control plants for comparative purposes in 
solution-eulture work, there is well-grounded justification for 
the performance of considerable experimental work in order 
to determine more definitely the relations of plants to this 
medium. The subject is an important one, and it will require 
much experimentation for the ultimate solution of all phases 
of the problem involved. While the results herewith reported 
are only preliminary in their nature, the fact that they give 
positive indieations along certain lines has been deemed 
sufficient warrant for their publication at this time. In addi- 
tion to determining the growth relations of plants in this and 
other media, consideration has also been given to the effect 
produced by growing plants in this medium as determined 
by means of electrical conductivity measurements. 


IL HISTORICAL Aspects OF THE SUBJECT 


The relation of plants to distilled water is a matter that 
has been under more or less serious consideration at differ- 
ent periods for a long time. Woodward (1699), who first em- 
ployed the method of water culture in 1691-1692 in his interest- 
ing experiments, found that plants grew better in river 
water than in either rain water, spring water, or distilled 
water. The difference was of course due to the quantity of 
plant food contained in the medium, and this idea, coupled 
also with the character of the nutrients, has been the basis 
for a vast amount of physiologieal work since that time. 

Coming down to more modern times, there has been a 
diversity of opinion among the investigators of the subject 
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in regard to the reason why plants and animals thrive so 
much better in natural water or aqueous media than in dis- 
tilled water. Considering the period from about 1860 on 
down to the present, the most important explanations offered 
may be summed up under the following three heads: 

1. Lack of essential nutrients; 

2. The presence of deleterious substances ; 

3. Extraction of salts, or nutrient materials, from the organism 

immersed in the distilled water. 
Holding each of these views there has been a formidable 
array of scientists at different periods, each group contend- 
ing strongly to establish the correctness of its viewpoint. 

Among the earlier workers in the field may be mentioned 
Boehm (775), Dehérain (’78), and others, who believed that 
the lack of essential nutrients in the distilled water was 
responsible for the resulting poor condition of the organism. 
Boehm, for example, believed that calcium played a funda- 
mental réle in the metabolism of the plant, and that in its 
absence certain processes, notably that of starch formation, 
could not be carried on and that therefore deterioration re- 
sulted. He also believed that calcium was necessary for the 
transfer of the reserve materials from the cotyledons to the 
formative organs. Dehérain repeated Boehm’s experiments 
and confirmed his results. 

Owing to the fact that even distilled water, which had been 
unquestioningly regarded as pure, produced effects simulat- 
ing toxicity, a great deal of attention has been given in the 
past to the chemical and other properties of water distilled 
from different kinds of apparatus and under various condi- 
tions. On the animal side, workers, among whom may be 
mentioned Kölliker (756) and Nasse (?69), had early noticed 
the injurious effects on tissues when the same were placed 
in distilled water. Nasse, for example, found the deleterious 
effect of distilled water about equal to that of the following 
solutions: 2.5 per cent NaCl, 3.3 per cent NaBr, 3.7 per cent 
NasSOxg, and 5.0 per cent Nal. 

Niigeli (793), in his classical work published twelve years 
after his death, found that very minute amounts of toxie sub- 
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stances, notably copper, in solution produced injurious ef- 
fects on organisms (Spirogyra), and to this phenomenon he 
applied the term ‘‘oligodynamik”’ action. This line of work 
was extended to include other substances and other organisms, 
and claimed the attention at different times of Aschoff (290), 
Loew (’91), Locke (’95), Ringer (’97), Copeland and Kahlen- 
berg (’99), Dehérain and Demoussy (?01), Lyon (204), 
Bokorny (205), Hoyt (713), and others. It is of particular 
interest to note that Ringer in some of his earlier work 
ascribed the injury to the extraction from the organism of 
necessary nutrient materials; but after the publication of 
Locke’s experiments (’95), which Ringer duplicated and con- 
firmed, the latter concluded that the injury done in the par- 
ticular case under consideration (Tubifex) was due to dele- 
terious materials in the distilled water. He says: ‘‘Copper 
in even infinitesimal quantities will disintegrate tubifex 
whilst water free from copper or other heavy metals and 
without any salts such as calcium salts can sustain the life 
of tubifex.’’ 

In regard to the third idea pertaining to the effects of dis- 
tilled water on organisms, early workers, both on the plant 
and animal side, found that salts were extracted from 
organisms placed in distilled water, even though their methods 
for determining the extraction were somewhat crude. Among 
the early investigators on the animal side may be mentioned 
Plateau ('83), Ringer and his school (?88, '84, ’85, '94, 94", 
94", 797), Loeb (’03), and others. The writer has another 
paper ready for publication in which is given a historical treat- 
ment of the subject of excretions from roots and other plant 
parts, so the discussion of certain phases of the plant work is 
reserved for that publication. 

Upon the perfection and the employment of conductivity 
apparatus by physical chemists, it soon began to be used also 
by the various workers in the fields of soil, plant, and animal 
investigations. In this connection distilled water came in for 
its share of consideration. The determination of the purity 
of water by ascertaining its electrical conductivity speedily 
came into vogue, and it should be said that as far as elec- 
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trolytes are concerned it is a very accurate and excellent 
method and has deservedly come into more and more general 
use for this purpose in the fields of chemistry, physics, and 
biology. 

Коерре (298), for instance, determined the electrical con- 
ductivity of water obtained from various sources and com- 
pared his results with those of other workers. He believed 
that distilled water has a deleterious effect which is partly 
due to a withdrawal of salts necessary to the organism, and 
partly to a swelling of the tissues. He was supported in his 
views by Oldham (’09), while Winckler (’04), Kobert (205), 
and others argued in favor of Ше harmlessness of dis- 
tilled water, especially in medical practice. Peters (?04) 
used the electrolytic conductivity method in his work on 
Stentor and found that there was an exosmosis of electrolytes 
when the organism was placed in distilled water, and he 
therefore concluded that the injurious effects noted were due 
to an extraction of salts. True and Bartlett (212, 15, 15") 
considered, for certain salts, not only the excretion but also 
the absorption of electrolytes under balanced and unbalanced 
conditions of the medium. 

In a recent paper in which a historical discussion of the 
subject is also given, True ('14) concludes that over and 
above any injurious effects caused by deleterious substances 
in the distilled water there is still a ‘‘residuum of harmful 
action due to no known type of impurity." Because this 
harmful action seems to be most marked in water of least 
conductivity True believes that the withdrawal of electrolytes 
from the root tissues best accounts for the deleterious action, 
but that this withdrawal is ‘‘not due to the aggregate differ- 
ence in osmotic pressure between the cells of the roots and 
the external medium.’’ Не chose lupine seedlings for his 
work because Frank (’88) had found them very sensitive to 
distilled water. Schulze (’91), however, after several years 
of experience with Lupinus luteus, claimed that distilled 
water produced no toxic effects upon those plants. 

Both before and after the appearance of the recent con- 
tribution by True just referred to, I carried on the investi- 
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gations reported in this paper, which, as previously stated, 
are but preliminary in their nature, but which have given 
indications leading to the conception of an idea differing 
somewhat from the majority of those above mentioned re- 
garding the relation between plants and distilled water. This 
conception will be briefly mentioned here, while the evidence 
and a further discussion will be given later; it is that pure 
distilled water is not harmful or injurious per se, but that 
because of the static condition forced upon them as a con- 
sequence of the absence of plant food, the growing cells 
become disorganized and thus become easy prey to bacterial 
and fungous action. Excretion of electrolytes does occur but 
this should be considered merely as a concomitant condition, 
or resulting effect of the conditions under which the plants 
are placed, and should not be considered as a cause of degen- 
eration unless the electrolytes themselves be toxie. 


III. Метнорѕ 
(GERMINATION, CULTURE, AND CONDUCTIVITY) 


Canada field peas (Pisum sativum) and horse beans (Vicia 
faba), the small variety, were the plants selected, as both 
were known to be well adapted for growth in solution cultures. 
Of the various methods of seed sterilization tried out, the one 
in which the seeds were treated with 1-600 formalin-water 
for 15 minutes after being soaked for 24 hours in running 
water gave best satisfaction. 

For germinating the seeds a modification of the method 
used by Boussingault (’74), and also by various investigators 
in the Bureau of Soils, was employed. This consisted in the 
use of ordinary enameled-ware pans about 12 inches in 
diameter and 3 inches in height, filled with tap water and 
covered with 6 X 6-mesh galvanized iron ‘‘hardware cloth,"' 
on which the previously soaked and sterilized seeds were 
placed. The seeds were then covered with filter paper or 
paper towelling which was kept moist throughout the ger- 
mination process or until the radicles reached the water below. 
Тһе germination was carried on in the greenhouse. In the 
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course of four or five days a splendid lot of vigorous, uniform 
seedlings which have serviceably straight radicles about 2 
inches long with no laterals yet formed is obtained by this 
method; such seedlings are well adapted, both by their char- 
acter and their accommodation to an aqueous medium, for 
solution-culture work. At this stage the plumules have grown 
to about one-half inch in length, and the plants are now ready 
for transfer to the culture medium, an operation which is 
easily and quickly done. This method of germination, which 
is shown in pl. 16 fig. 2, recommends itself both by reason of 
its simplicity and ease of operation and the certainty of seeur- 
ing excellent results. In the transfer process from the ger- 
minating pan to the eulture medium, the entire seedling was 
always immersed and carefully rinsed in once-distilled and 
again in twice-distilled water; by this means the roots became 
free of any adhering impurities. 

As containers for the cultures, ordinary glass tumblers 
were used, the sides of which were covered with black paper 
to prevent algal growth and the top covered with perforated 
paraffin paper. (For a complete description and illustration 
of the method see the paper by McCool, 13.) Ten plants 
were grown in most cases in each tumbler; exceptions to that 
number will be noted in each сазе when the series are dis- 
eussed in detail. Galvanized iron wire supports were used to 
hold the plants upright when the seedlings had attained suffi- 
cient size to require them. 

In all eases doubly distilled water was used, the second dis- 
tillation being carried out in the laboratory with KMnO4 
added to the once-distilled water to oxidize any organie matter 
that might be present. Conductivity tests of this water 
showed it to possess a specific conductivity of 2.064» 10-8. 
The nutrient solution used was that of Pfeffer, redistilled 
water being the solvent for the necessary salts. Each tumbler 
was filled to a convenient level with either the water or the 
full nutrient solution as the case might be, approximately 250 
сс. being required. То replace transpiration loss, doubly dis- 
tilled water was added as needed. 

In the early days of conductivity work оп solutions, 
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measurements could be made only by means of a continuous 
current. Because of the resulting polarization effects, how- 
ever, the resistance of the solution increased to such an ex- 
tent as to introduce serious errors into the results. But 
thanks to the classical work of Kohlrausch and others, the al- 
ternating current method was devised and perfected, whereby 
the determinations became practically independent of polar- 
ization effects. A vast amount of work has since been done 
in the realm of physical chemistry on conductivity measure- 
ments, a review of which, however, is outside the scope of 
this paper. For a clear and concise discussion of this sub- 
ject see Jones (209), Walker (210), or Findlay (710). 


In addition to the investigations already cited which deal 
with the practical applications of conductivity work, there 
might well be mentioned in this connection the work done by 
investigators in the Bureau of Soils of Ше U. S. Department 
of Agriculture: Whitney, Gardner, and Briggs (?97); Whit- 
ney and Briggs (’97); Whitney and Means (’97); and Gard- 
ner (’98). Heald (’02) used the Kohlrausch method for de- 
termining the conductivity of plant juices in order to get 
indications regarding the dissolved mineral substances in 
different parts of the plants under experimentation. Nicolosi- 
Копсай (?07), Bouyoucos (12), Dixon and Atkins (713, 
'13*) and others have also carried on conductivity determina- 
tions with different plants and under various conditions. 


Sjöqvist (295) was Ше first to use the conductivity method 
in enzyme investigations, which he did in his work on the 
action of pepsin on protein solutions. Similar work was 
done by Oker-Blom (’02), who also extended the applications 
of this method. Oker-Blom (712) has recently given an 
account of his own and previous investigations in the 
field of bacteriology, wherein the electrical conductivity 
method was used. Various other investigators have also 
made use of it, among whom may be mentioned Bayliss 
(707). Stiles and Jörgensen ('14) give a partial review of 
some of the historical aspects of this subject as it pertains 
to plant work. 
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For the conductivity work herein reported the following 
apparatus was used: 

Wheatstone bridge (Central Scientific Co., catalogue number, 

2475) ; 

Resistance box, 11,110 ohms (Central Scientific Co., catalogue 
number, 2444) ; 

Induction coil (Eimer and Amend, catalogue number, 4100) ; 

Dry battery cells (Eimer and Amend, catalogue number, 592); 

Conductivity cell, Freas (Eimer and Amend, catalogue number, 
5202) ; 

Telephone receiver (Central Scientific Co., catalogue number, 
2355) ; 

Thermometer graduated to 1/10°C; 

Water tank holding 50 gallons, specially constructed for the 
purpose, pilot flame underneath; temperature regulated to 
1/10?C; 

Tiffany laboratory motor with which to operate a stirring 
apparatus in the tank. 

In the method employed for the work the procedure given 
below was consistently followed: the tumblers were always 
filled to approximately the 250 сс. level with either the solu- 
tion or redistilled water, depending on the culture. Before 
taking readings, doubly distilled water was added to bring 
the water or solution up to the original level, if the transpira- 
tion loss since the previous reading made the addition neces- 
sary. This was of course essential in order to keep the con- 
centration factor under control. Readings in all cases were 
taken at 25°C. The control of temperature exactly to within 
1/10°C. was comparatively easy by the use of the pilot flame 
underneath and the stirring apparatus in the tank of water. 

For absolutely accurate and final quantitative determina- 
tions or ultimate values, as were required, for example, in the 
case of the standardization measurements for the cell constant 
with N/50 KCl, or the determination of the specific con- 
ductivity of the doubly distilled water, the greatest precau- 
tions possible were taken in regard to the conductivity cell 
and the concentration of its contents. But in making hun- 
dreds and even thousands of determinations, most of them as 
rapidly as accuracy permitted, due to the time factor involved, 
it was both impossible and unnecessary to dry the cell after 
each reading, since relative, and not absolute, values were 
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desired for the most part. The method employed, therefore, 
was to remove from the carefully stirred solution in the 
tumbler a 25 се. sample with a pipette of the same capacity, 
the latter having previously been rinsed with the solution. 
Using exactly the same amount for each determination further 
reduced any possibility of error due to unequal dilution in 
the conductivity cell. Between readings the pipette was kept 
almost entirely immersed in redistilled water in a tall cylinder 
attached to a stand in the water bath. After carefully pour- 
ing the sample back into the tumbler, in case further readings 
were to be taken, the cell was rinsed twice with doubly dis- 
tilled water and rapidly drained before taking the next read- 
ing, whether of the same or of a different culture. Any 
minute amount of doubly distilled water that might be present 
to dilute the next sample was a constant factor throughout all 
the readings and was of course inconsequential. 

In using fresh batteries it was necessary to insert resis- 
tance coils between the battery and the induction coil in order 
to reduce the eurrent. For this purpose German silver wire 
was used. While polarization phenomena may possibly be 
operative to a certain extent, such would be so small as to be 
practically negligible, especially in view of the fact that the 
effects from such a cause would be entirely relative and 
would therefore not affect the validity of the results. 

Some of the conductivity results given in this paper are 
shown in tabular form and others are plotted as curves. In 
some instances the data are calculated as specific conductivity ; 
in other cases the conductivity is represented by the value of 
z оп Ше Wheatstone bridge. То make it clear what z actually 
represents, when the apparatus is set up as it was for the 
determinations, the following proportion is given: 

R:R’ :: a2 : 100—2 
R is the resistance in ohms inserted in the resistance box; 
F’ is the resistance in ohms of the solution; and 2 is the num- 
ber on the bridge wire (graduated in millimeters from 0 to 
100 centimeters). Аз the position of z on the bridge varies 
with R and R’, the R for each series of curves or tables will 
be given (though in the great majority of cases it was 9,110), 
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from which R’ ean then be calculated. Having these values, 
the specific conductivity can be calculated for any determined 
cell constant (the value of the cell used being .4088). For a 
fuller discussion see Findlay (210). 


TV. Recovery or PLANTS AFTER BEING IN DISTILLED WATER 
FOR VARYING PERIODS 


The first question studied pertained to the recovery of 
plants in full nutrient solution after being kept in doubly dis- 
tilled water for varying periods. To determine the com- 
parative condition for optimum recovery, the distilled water 
and the full nutrient medium were renewed every four days 
in some cultures and left unrenewed in others, in such a way 
that for either condition of the medium of each set in a cer- 
tain period the other medium would be both renewed and 
unrenewed so as to give all possible methods of combination. 
Examination of table 1 will make this clear. Thus, for 
example, with cultures 11, 12, 13, and 14 of the 10-day period 
in distilled water the doubly distilled water in Nos. 11 and 
12 was unrenewed; but when these cultures were placed in full 
nutrient solution this medium was unchanged or unrenewed 
for No. 11 and was renewed for No. 12. The distilled water 
in Nos. 13 and 14 was renewed, and the full nutrient solution 
unrenewed and renewed respectively. 

In series 1 the small variety of horse beans (Vicia faba) 
was employed, 8 plants being used to a culture. The condi- 
tion of the media and duration of growth, the green weight 
of tops, and the dry weight of tops and roots of series 1 are 
given in table т. On examining this table it is seen that even 
after the plants had remained for 20 days in distilled water, 
they recovered on being placed in the full nutrient solution, 
while those remaining for 10 days in distilled water produced 
practically as much growth when later placed in the full 
nutrient solution as did the plants which were in the latter 
medium during the entire period. 

Of course, as would be expected, the cultures wherein the 
full nutrient solution was renewed every four days gave much 
better growth than did those in the unrenewed medium, due, 
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no doubt, to an increased amount of available nutrients. But 
an interesting comparison is manifest in connection with the 
effect of renewing the distilled water; the greater growth of 
both tops and roots may be noted in cultures 3 and 4, in which 


TABLE І (Series 1) 
EFFECT OF RENEWED VS. UNRENEWED MEDIA ON GROWTH OF HORSE BEANS 


Length of | Dist. Н,О| Length of | Full nutr. | Green | Dry wt.| Dry wt. 
Culture | period in |renewed or| period in |renewed or| wt. of of of 

no. dist. НО | unrenewed| full nutr. |unrenewed| tops tops | roots 
days ays gms. gms. gms. 

1 45 Ппгенетей| ИРСКА лэ. cea 215 „7717 ‚124 
2 45 о ER T ТЕВЕ Ч: 1.75 .666 | .096 
3 45 RSHnEWed осон ERST NEE. 4.40 -887 | „272 
4 45 Renewed ll Rl eu eU 4.40 .870 | .235 
5 1 Unrenewed 44 Unrenewed| 16.30 | 2.069 .485 
6 1 Unrenewed 44 Renewed | 27.00 | 3.069 | .707 
7 2 Unrenewed 43 Unrenewed| 15.85 | 1.994 | .429 
8 2 Unrenewed 43 Renewed | 32.51 | 3.543 .743 
9 5 Unrenewed 40 Unrenewed| 18.90 | 2.315 .463 
10 5 Unrenewed 40 Renewed | 26.25 | 2.895 ‚700 
11 10 Unrenewed 35 Unrenewed| 13.35 | 1.623 .382 
12 10 Unrenewed 35 Renewed | 26.35 | 2.928 .697 
13 10 Renewed 35 Unrenewed| 14.90 | 1.887 .463 
14 10 Renewed 35 Renewed | 22.90 | 2.376 .548 
15 15 Unrenewed 30 Unrenewed| 14.00 | 1.719 .388 
16 15 Unrenewed 30 Renewed | 18.05 | 1.880 .457 
17 15 Renewed 30 Unrenewed| 15.60 | 1.807 .417 
18 15 Renewed 30 Renewed | 21.20 | 2.403 .642 
19 20 Unrenewed 25 Unrenewed| 12.51 | 1.447 .300 
20 20 Unrenewed 25 Renewed | 11.40 | 1.247 .328 
21 20 Renewed 25 Опгепеме | 11.40 | 1.319 .284 
22 20 Renewed 25 Renewed | 15.50 | 1.670 .454 
d d IR EE ed моста aud 45 Unrenewed| 14.60 | 1.975 .419 
ZR U tke ee ON Aga E SE 45 Unrenewed| 14.70 | 2.044 .443 
Bate Wks sd ВЕСТА Crus oe ete 45 Renewed | 27.85 | 2.925 .690 
ДО И НИВИ е е р 45 Renewed | 27.05 ] 3.025 .764 


the distilled water was renewed every four days throughout 
the period, as compared with that of cultures 1 and 2, where 
the distilled water was not renewed, except, of course, for the 
occasional addition of water to replace the transpiration loss, 
which, however, was small. Furthermore, in noting the 
growth of cultures 11-22 inclusive, it is seen that in four of 
the six cases of comparison between the renewed and unre- 
newed distilled water, better growth of both tops and roots 
resulted where the distilled water was renewed. Considering 
cultures 1-4 and 11-22, inclusive, the total green weight of 
tops for the unrenewed distilled water as compared with the 
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renewed distilled water, and the same conditions for the dry 
weight of tops and roots, gave the results to be seen in table п. 
The total weight in all cases is therefore greater in the cul- 
tures in which the distilled water was renewed. 


TABLE II (Series 1) 
EFFECT OF RENEWED VS. UNRENEWED DISTILLED WATER ON GROWTH OF 
HORSE BEANS 
(Summarized Results of Part of Table Г) 











Green wt. of Dry wt. of Dry wt. of 


Medium tops in tops in roots in 
grams grams grams 
Water renewed... 110.30 13.219 3.315 


Water unrenewed 99.56 12.287 2.772 


These results therefore indicate that the so-called injury 
to plants in distilled water cannot be entirely or even satis- 
factorily explained on the basis of extraction of solutes from 
the plant tissues. If that were the case we should have the 
greatest injury and least recovery in those cultures in which 
the distilled water was renewed, the periodically renewed 
water effecting in toto a greater exosmosis of the salts than 
the water which is not renewed. This statement will receive 
verification under the section on conductivity measurements. 
It would therefore seem that we must seek other explanations 
for the phenomena observed when plants are placed in dis- 
tilled water. This phase of the subject will also be discussed 
later. 


The points noted will be clear from an examination of pl. 13 
figs. 1 and 2. Plate 13 fig. 1 shows the various stages of 
recovery after varying periods in the distilled water. The 
better growth is to be noted of both tops and roots of No. 2, 
in which the distilled water was renewed, as contrasted with 
No. 1, in which it was not renewed. It is interesting to ob- 
serve how plants, even after 20 days in distilled water, will 
recover in full nutrient solution and then give even better 
growth than plants in unrenewed full nutrient solution the 
entire period, and that after 10 days in distilled water, plants 
will recover in renewed full nutrient solution and equal in 
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growth, plants grown the entire period in renewed full nut- 
rient solution. 

Plate 13 fig. 2 shows first (Nos. 1 and 2) the contrasted 
effect of renewing and not renewing the full nutrient solution. 
The remaining 8 cultures of the plate show the effect of 
renewing and of not renewing both the distilled water and 
the full nutrient solution. In cultures 3-10 the comparison 
should, of course, be made between the alternating numbers for 
the distilled water effect (renewed or not renewed), and be- 
tween successive numbers for the effect of the renewal or the 
non-renewal of the full nutrient solution. While the culture 
represented by No. 7 of the plate gave greater growth than 
did No. 9, that excess was probably due to the individual hardi- 
hood of two plants. It is seen that a much more uniform and 
desirable growth was made by the plants of No. 9. 

An interesting point in connection with the horse beans is 
that 16 days after setting up the series the tips of those 
plants still in distilled water were more or less blackened, 
probably as a result of enzyme (oxydase) action, and many 
of them were considerably inrolled. Such conditions were 
entirely absent from the cultures in full nutrient solution at 
that time. When the affected plants were later placed in 
full nutrient solution there was a gradual recovery from the 
blackening of the leaves, and this recovery was greater in 
the case of those cultures in which the distilled water had 
been renewed than in those in which it had not been renewed. 
Twenty days later Nos. 3 and 4 were in very much better 
condition than Nos. 1 and 2. There was much less blacken- 
ing, some leaves not being blackened at all. The general 
height of the plants in Nos. 1 and 2 was 14-21 inches; and in 
Nos. 3 and 4 it was 21-4 inches. А very noticeable feature 
at the end of the experiment was the condition of the medium, 
that of Nos. 3 and 4 being of course clear while that of Nos. 1 
and 2 was milky, turbid, and opaque, indieating abundant 
fungous and bacterial action, a condition further emphasized 
by the hyphal threads and gelatinous coating on the roots. 

The roots of the plants in Nos. 3 and 4 were also in much 
better condition at the end of the experiment than were those 
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of Nos. 1 and 2, especially as regards length and the amount 
of lateral root development. The root growth in No. 13 at 
the end of the experiment was also greater than that in 
No. 11; but in Nos. 12 and 14 it was about equal. The plants 
of No. 17 also showed greater root growth than did those of 
No. 15, and this difference was more marked than in the case 
of the tops. The lateral roots in No. 17 were produced all 
along the main roots, while in No. 15 they were practically 
confined to the upper or older portion of the main roots. Ап- 
other interesting difference observed was that in No. 17 the 
main root tips were not permanently injured in the distilled 
water and when placed in the full nutrient solution they con- 
tinued growth. This was not the case in No. 15. In general 
there was not much difference between the roots in Nos. 16 
and 18; the plants in No. 18, however, had slightly greater 
growth of roots and showed less injury and some continua- 
tion of growth of the tips, whereas those in No. 16 did not. 
The same condition of the roots above noted for Nos. 15 and 
17 held also in Nos. 19 and 21 respectively; but the difference 
in favor of the renewal of the distilled water though less 
marked was nevertheless evident. Likewise, Nos. 18 and 20 
were similar to Nos. 16 and 18 respectively. 

Strong evidence was therefore afforded by the cultures of 
horse beans that renewing the distilled water has a favorable 
effect upon the plants. 

Series 2 is in every respect a duplicate of series 1 except 
that Canada field peas (Pisum sativum) were used instead 
of horse beans (Vicia faba), and that the dry weight of the 
tops was not determined; furthermore, the length of the ex- 
perimental period was different. The condition of the media 
and duration of growth, the green weight of tops, and the 
dry weight of roots are given in table пт, seven plants being 
grown in each culture. An examination of this table reveals 
results similar in many cases to those contained in table 1; 
plants recovered even after 20 days in distilled water, but 
after 10 days in this medium the recovery was not so com- 
plete as in the case of the horse beans, for the plants so treated 
did not equal in growth similar ones which had remained in 
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full nutrient solution the entire period. However, plants 
which had been in distilled water only 5 days before being 
transferred to full nutrient solution subsequently equalled in 
growth other plants which had been in the latter medium from 


TABLE III (Series 2) 
EFFECT OF RENEWED VS. UNRENEWED MEDIA ON GROWTH OF PEAS 








Length of | Dist. H20 | Length of | Full пик. | Green wt. | Dry wt. 
Culture | period in | renewed or | period in | renewed or of of 

no. dist. НО | unrenewed | full nutr. | unrenewed tops roots 
days days gms. gms. 

1 47 Селене os even онаа на .80 .073 
2 47 Iarenewed o c sr d ааа а: .60 .076 
3 47 И СМ СКЫ УС .45 . 067 
4 47 Renae. а 5с е T 1.30 .091 
5 1 Unrenewed 32 Unrenewed 6.75 .400 
6 1 Unrenewed 32 Renewed 11.05 .500 
7 2 Unrenewed 31 Unrenewed 5.50 401 
8 2 Unrenewed 31 Renewed 12.90 568 
9 5 Unrenewed 28 Unrenewed 5.95 .263 
10 5 Unrenewed 28 Renewed 12.35 .467 
11 10 Unrenewed 23 Unrenewed 5.35 ‚254 
12 10 Unrenewed 23 Renewed 7.90 321 
13 10 Renewed 23 Unrenewed 3.80 160 
14 10 Renewed 23 Renewed 6.07 .202 
15 15 Unrenewed 18 Unrenewed 3.30 144 
16 15 Unrenewed 18 Renewed 4.40 175 
17 15 Renewed 18 Unrenewed 4.30 162 
18 15 Renewed 18 Renewed 4.15 .169 
19 20 Unrenewed 13 Unrenewed 3.21 ‚124 
20 20 Unrenewed 13 Renewed 2:52 .092 
21 20 Кепежед 13 Unrenewed 4.05 .139 
22 20 Renewed 13 Renewed 4.43 .141 
я нана 33 Unrenewed 5.50 .368 
DN ees Ara lisa a ES aa 33 Unrenewed 6.94 .420 
ОИ СЕ лено я 33 Renewed 9.60 .536 
7) ш уте СРЕЗЕ 33 Renewed 13.45 .611 


the start. The period between 5 and 10 days in distilled water 
is therefore a critical one, and will be discussed later in other 
connections. 

Renewing the full nutrient solution again showed beneficial 
results, as might be expected. But the renewal of the distilled 
water did not produce such striking results in some respects 
as in the case of the horse beans; in other ways, however, the 
results were equally or even more striking. Where the plants 
remained in distilled water for 47 days the growth was better 
in one case and poorer in the other where the distilled water 
was renewed than where it was not renewed. The average 
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growth, however, of the two cultures in the renewed medium 
was better than that of the two in the unrenewed distilled 
water. 

In Nos. 11-22, there was better growth of tops and roots 


TABLE IV (Series 2) 


EFFECT OF RENEWED VS. UNRENEWED DISTILLED WATER ON GROWTH OF PEAS 
(Summarized Results of Part of Table III) 


моа Green wt. of tops Dry wt. of roots 
in grams in grams 
Distilled water renewed. . . 28.55 1:131 
Distilled water unrenewed. 28.08 1.259 


in four cases where the distilled water was renewed and better 
growth in four cases where it was not renewed. Considering 
cultures 1-4 and 11-22 the results given in table ту were ob- 
tained, from which it is again evident that renewing the dis- 
tilled water exercises no injurious influence, and the conclu- 
sion is reinforced that an exosmosis of mineral nutrients is 
not the fundamental basis of the injury which plants suffer 
in distilled water. Furthermore, the difference between the 
renewed and the unrenewed distilled water cultures was very 
marked if the plants remained for 20 days in distilled water 
before being changed to the full nutrient solution, the differ- 
ence being greatly in favor of the cultures in which the 
medium was renewed. 

Figures 1 and 2 of pl. 14 illustrate the points above men- 
tioned. In pl. 14 fig. 2 should be noted the better growth of 
Nos. 9 and 10—which were in renewed distilled water for 20 
days before transfer to full nutrient solution—as compared 
with Nos. 7 and 8, which had remained in unrenewed distilled 
water for the same length of time before transfer. The 
excess of growth in No. 4 over that in No. 6 is probably to 
be accounted for on the ground that since those cultures were 
in distilled water but 10 days neither the renewal nor the 
unrenewal of the medium exercised much effect. Hence the 
greater growth of No. 4 represents an individual variation. 

At the expiration of the experimental period the following 
conditions prevailed in series 2: while the top growth in 
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cultures 1-4 was about the same in each case, the root growth 
in Nos. 3 and 4 was much better than that in Nos. 1 and 2, the 
roots of the former being whiter, cleaner, and having longer 
and more numerous lateral roots. In the case of those cul- 
tures grown in distilled water 10 days before removal to full 
nutrient solution, Nos. 11 and 12 were in somewhat better 
condition than Nos. 13 and 14, a difference which might 
readily be expected for the shorter periods in distilled water 
due to individual variation. After 15 days in distilled water 
and 18 days in full nutrient solution the benefits derived from 
renewing the former were markedly evident in the appear- 
ance of cultures 15-18, even though the actual weights did not 
show such difference. Nos. 17 and 18 were in better condi- 
tion than Nos. 15 and 16 respectively, especially as regards 
the root growth; similarly, Nos. 21 and 22 were in better 
condition than Nos. 19 and 20 respectively. 

Some special conditions which are of particular interest 
were observed when the cultures were examined carefully at 
the close of the experiment. The first point pertains to the 
method of recovery. After being in the distilled water only 
one or two days the top growth of such cultures when placed 
in full nutrient solution proceeds unhindered from the tips 
of the main stems, i. e., the tips of the stems remain unin- 
jured and resume growth. But 5 days in distilled water 
almost marks the limit at which growth ean be resumed at 
the tip of the main axis of the stem when such cultures are 
subsequently placed in full nutrient solution. After 10 days 
in distilled water the tips of the stems become injured so 
that the later growth in full nutrient solution is made from 
new lateral branches. Hence the period from 5 to 10 days 
in distilled water before removal to full nutrient solution 
may be considered a crucial period as regards the recovery 
and growth of the main stems. 

Another point of interest is the delayed maturity which 
results in the case of the cultures which are grown for some 
time in distilled water and later are placed in full nutrient 
solution. Such plants remain in a green and growing condi- 
tion much longer than do those which have been in full 
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nutrient solution for the entire period, or those which re- 
mained in distilled water for a shorter period before being 
transferred to the full nutrient solution. The growing season 
of the former is thus prolonged and the date of maturity 
delayed. 

The foregoing series having given evidence of the recovery 
of plants in full nutrient solution after being in distilled 
water for 20 days, the question arose as to the maximum 
length of time plants might remain in distilled water without 
preventing recovery when subsequently transferred to full 
nutrient solution. Series 3 was therefore set up. This con- 
sisted of cultures of Canada field peas grown in distilled water 
for 10, 20, 30, 40, and 50-day periods before transfer to the 
full nutrient medium. The condition of the media and dura- 
tion in each and also the results of the series (as shown by 
the green weight of tops) are given in table v, Nos. 1-20 in- 
clusive. Renewals in this series also were made every four 
days. Nos. 21-28 under different conditions and concen- 
tration of nutrient solution are given for purposes of com- 
parison. The maximum time limit in distilled water above 
referred to is thus seen to be approximately 30 days, and this 
was practically attained only in case of the cultures in re- 
newed distilled water. After 40 days in distilled water, 
whether renewed or unrenewed, the recovery was almost nil, 
though somewhat better in the renewed, while after 50 days 
in either renewed or unrenewed distilled water all the cultures 
were dead. 

In the 10 cases furnishing comparisons between cultures in 
which the full nutrient solution was preceded on the one hand 
by renewed and on the other by unrenewed distilled water, 
greater growth was attained in 7 cases where the distilled 
water was renewed. The total weight of green tops is more 
nearly equal in the two sets of cultures, however, being 24.20 
grams in the case of those in the unrenewed and 22.38 grams 
in the case of those in the renewed distilled water. We thus 
see that no injurious effects attend the renewal of the distilled 
water when compared with the non-renewal of the same; on 
the other hand, positive benefits are derived from such a 
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renewal, especially in the case of plants approaching the 
maximum time limit of durability in distilled water—a period 
which enables the results of the two conditions to be more 
readily seen and compared. 


TABLE У (Series 3) 


GROWTH OF PEAS IN RENEWED AND UNRENEWED MEDIA FOR VARIOUS PERIODS 
UP TO THE MAXIMUM TIME FOR SURVIVAL. ALSO EFFECT OF 
ADDING WATER AT DIFFERENT INTERVALS TO 
MEDIA UNDER VARIOUS CONDITIONS 








Length of А Length of Green 
Culture period in Dist. Ha eriod in Full ad wt. of 
no. dist. Н.О OU UE, ull nutr. EUR tops 
days unrenewed days unrenewed gms. 
1 10 Unrenewed 42 Unrenewed 4.50 
2 10 Unrenewed 42 Renewed 8.00 
3 10 Renewed 42 Unrenewed 4.85 
4 10 Renewed 42 Renewed 6.30 
5 20 Unrenewed 32 Unrenewed 2.70 
6 20 Unrenewed 32 Renewed 5.05 
7 20 Renewed 32 Unrenewed 3.55 
8 20 Renewed 32 Renewed 1.40 
9 30 Unrenewed 22 Unrenewed ‚55 
10 30 Unrenewed 22 Renewed 1.30 
11 30 Кепежед 22 Unrenewed 1.90 
12 30 Renewed 22 Renewed 1.90 
13 40 Unrenewed 12 Unrenewed .50 
14 40 Unrenewed 12 Renewed 599 
15 40 Renewed 12 Unrenewed .65 
16 40 Renewed 12 Renewed I2 
17 52 TIinrenewed- ESPNS СЗ .60 
18 52 [nrenewed нло .45 
19 52 Renewed! 1; o28:3 иа о ЗА .56 
20 52 Renewed -forca at ИС а „55 


21 Unrenewed full nutr. 42 days, dist. НО added every 8 days 6 
22 Unrenewed full nutr. 42 days, dist. HO added every 4 days 6 
23 Renewed full nutr. 42 days, the sol'n. renewed every 8 days 8.75 
24 Renewed full nutr. 42 days, the sol'n. renewed every 4 days| 18. 
25 Unrenewed 1/10full nutr. 42 days, dist. H,Oaddedevery4 d'ys 2 
26 Unrenewed 1/5 full nutr. 42 days, dist. HzO added every 8 days 2 
27 Renewed 1/10 full nutr. 42 days, sol'n. renewed every 4 days| 10.10 
28 Renewed 1/5 full nutr. 42 days, sol'n. renewed every 8 days 7.85 





In pl. 15 fig. 1 some of the cultures are illustrated, the ones 
of special interest being Nos. 9-14. The exceptionally small 
or irregular growth of No. 8 is difficult to account for, because 
in the renewed full nutrient it should be greater than that of 
No. 7. Individual resistance is apparent, however. 
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V. RECOVERY or PLANTS AFTER BEING IN Toxic SOLUTIONS 


Having thus ascertained the maximum time plants may 
remain in distilled water and then recover on being placed in 
full nutrient solution, we may turn our attention to toxic 
solutions. If distilled water in itself is toxic then it should 
be interesting to get quantitative data on its effects as 
measured by the power of plants so treated to recover. This 
power should furnish a good index regarding the extent of 
any injury suffered. By comparing the ultimate time limits 
for various media after which recovery in full nutrient solu- 
tion is possible, we are able to get a basis on which to de- 
termine the relative toxicity of each medium. Almost simul- 
taneously with series 3, series 4 was set up. The plan of 
the series and the green weight of tops and dry weight of 
roots of the plants in series 4 are given in table v1, while pl. 15 
fig. 2 shows the actual condition of the plants in some of the 
media. The results obtained indicate the following relative 
toxicities of the substances used, the time expressed in days 
having reference to the longest period in the toxic solution 
after which recovery is possible: 


Hedi lel watar ОТР 30-40 days 
ДГ Е ЕР ESS 4-8 days 
NY ION Маш узт муз каа err Ce eee p Roo P9 Rr rm PR about 20 days 
N/1000 Сао в N/20 Ми Да: see fata ala SLE Sea aS about 16 days 
N/19800 НВО. :. vis cae wees кая ва кива вни нии about 20 days 
оТ KOH „са ys esa wie каки E TRA ра Tes about 20 days 


We thus see that as compared with the toxic solutions men- 
tioned distilled water, if it be considered as a toxic agent at 
all, is much less so than either of the others given above. In 
this connection it is interesting to note that Kahlenberg and 
True (’96) found that N/12800 H:SO, and N/400 KOH were 
approximately the critical concentrations for Lupinus roots. 
Hence, the fact that plants can remain much longer in distilled 
water than in these solutions and still recover would seem to 
indicate that as regards toxicity distilled water is only very 
slightly if at all deleterious. But the writer believes that it 
is entirely incorrect and misleading to speak of distilled 
water as being toxic. What is illustrated above for distilled 
water is not toxicity, therefore, but merely the length of time 
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TABLE VI (Series 4) 
EFFECT ON GROWTH OF PLANTS OF VARIOUS PERIODS IN TOXIC SOLUTIONS 


479 








Culture 
no. 


First sol'n. 
or medium 


Length of 
period in 
first 
medium 
days 


First 
medium 
renewed 

Or 
unrenewed 


Length of| Green 
period in| wt. of 


full nutr. 
days 





Dry 
wt. of 
roots 
gms. 


———————g———— ا ا ا ا ال‎ ÓÁÉÉÁÉÁÉÁÉÁ 


ХО омео олњ OS КО سا‎ 


List. ср eR 
N/100 М&СЬ......... 
N/100 MgCh......... 
N/100 MgCh......... 
N/100 МРСЕ......... 
N/100 MgCh......... 
N/100 MgCls......... 
N/100 MgCh......... 
N/100 MgCh......... 
N/100 MgCh......... 
N/1000 МеСК........ 
N/1000 MgCh........ 
N/1000 MgCl........ 
N/1000 МеСЕ........ 
N/1000 MgCl. ....... 
N/1000 MgCh........ 
N/1000 МРСЕ........ 
N/1000 MgCh........ 
N/1000 СаСЬ and N/20 

MgCl; sert t t hn 
N/1000 CaCl: and N/20 


® $ 6-68 ваа ак 


MgCl; TIVE EU 
N/1000 CaCl; and N/20 


* wo Ao d 9 * 3. s 
„+ ж ж ж ж ж ж ж а ян 
ежа 
ИИИНИН 


жене 


N/12800 Н:50........ 
N/12800 H:SO,....... 
N/12800 H:SQi....... 
N/12800 H:SO,....... 
N/12800 Н,50,....... 
N/12800 HiSO,....... 
NAO KOH кек.» ъз 
IN/400 КОН. SA 
N/400 КОН. .....:..: 
N/400 КОЕ... 
NMO КОН... 
МАЮ KOH. .......... 





32 
32 
32 
32 


о њ N 


Unrenewed 
Renewed 
Unrenewed 
Renewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 


Unrenewed|......... 


Renewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 


Unrenewed 
Renewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 


Unrenewed 
Unrenewed 
Renewed 
Unrenewed 
Renewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 
Renewed 
Unrenewed 
Unrenewed 
Unrenewed 
Unrenewed 


ev hr to non 


є_ N Слот ХО оо на н 
—т 
© 


‚116 
„130 


‚132 


.214 
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plants can survive in a medium without nutrient materials. 
That these plants could not survive for that length of time in 
the other media, however, shows that in those cases a real 
toxicity enters into consideration. 

In addition to the actual time limits for recovery just tabu- 
lated, as well as the method of recovery and delayed maturity 
mentioned in the preceding section, another interesting point, 
which was very noticeable in the cultures and which can also 
be seen in the plates, is the character of growth of the root- 
lets in the boundary cultures, by which is meant those cultures 
which have remained in the inimical media nearly as long as 
their endurance would permit, and whose recovery in full 
nutrient solution is slower or more difficult than the normal 
unaffected plants. In the latter case the roots are short and 
compact and usually extend down only to about one-half the 
distance to the bottom of the tumbler. In the case of the first 
mentioned cultures, however, when transferred to full nutrient 
solution the rootlets develop a long, slender growth easily 
extending to the bottom of the tumbler. 


VI. EFFECT or STERILIZING THE Water DURING Свкоутн or 
PLANTS 


The foregoing series pointed, therefore, to factors other 
than extraction or loss of solute from the plant tissue as being 
responsible for the deteriorating phenomenon observed when 
growing plants are placed in distilled water. In the unre- 
newed water cultures in the previous series a brownish colora- 
tion developed and the roots appeared, in their gelatinized 
condition, to be covered by bacterial and fungous growths. 
Suspecting that these organisms played an important rôle, it 
was decided to grow additional cultures to test this point. 
Four cultures, each containing ten plants of Pisum sativum, 
were set up in distilled water: in one the medium was not 
renewed; in a second the water was renewed every four days; 
and in the remaining two the medium was sterilized every four 
days by boiling in a return condenser one-half hour. The re- 
sults are given in table уп (series 5) and the cultures are 
shown in pl. 16 fig. 1. The full nutrient solution cultures, 
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were grown for purposes of comparison. The duration of 
growth was 30 days. 

Whether the beneficial effect of the sterilization was due 
to the destruction of the bacterial and fungous floras of the 


TABLE УП (Series 5) 


EFFECT PRODUCED ON GROWTH OF PLANTS BY STERILIZING THE WATER IN 
WHICH THEY ARE GROWN 


НЕ Green wt. Dry wt. 
ие Medium Сепеда of of tops of roots 
t gms. gms. 
1 Dist. Н.О Unrenewed 1.55 .141 
2 Dist. Н.О Renewed 1.65 .150 
3 Dist. Н.О Sterilized 2.40 .225 
4 Dist. Н,О Sterilized 3.05 .233 
5 Full nutr. Unrenewed 10.30 .342 
6 Full nutr. Renewed 17.65 .507 


medium, to a decomposition of any contained toxie substances 
(thereby rendering them less toxic), or to incidental effects 
such as aération of the water by the boiling process, was not 
definitely determined. Neither was this effect compared with 
that produced by the addition of various bodies (tannic acid, 
pyrogallol, calcium carbonate, various hydrates, carbon black, 
and other substances mentioned by Livingston and his co- 
workers, ?05, '07, Dachnowski, '08, 09, and others). In the 
last paper of Livingston and his co-workers referred to 
are given the results of boiling the aqueous extracts from 
soils containing toxic properties as determined by the growth 
of plants in the same. The boiling improved the extracts, 
but this effect was explained by ''supposing the process of 
boiling to remove or change the toxic action of this extract, 
the toxic materials being perhaps partly volatile with steam.’ 
But since in our sterilization process a return condenser was 
used the removal of toxic substances by volatilization would 
not occur. А breaking down of toxic compounds into less 
toxic constituents may possibly be a condition induced by the 
boiling, however. It will be recalled that Lyon (’04) found 
the toxicity of tap water reduced by boiling. 

While the oxidizing power of roots, due to enzymatic 
activity, may be an important factor in aiding in the decom- 
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position of vegetable matter in the soil, as pointed out by 
Schreiner and Reed (’07) and others, it is not believed that 
in the case under consideration the oxidizing power of the 
roots was altered to any appreciable degree by the boiling of 
the medium. Dachnowski (12) mentions the effect of oxida- 
tion upon the toxie substances found in bog water. In the 
sterilization method by boiling under a return condenser, 
however, the aération or oxidation phenomenon would no 
doubt play only a subsidiary róle. The stronger line of evi- 
dence seems to favor the destruction of injurious bacterial 
and fungous agencies as the chief factor in the beneficial 
effect of the sterilization. 


УП. CONDUCTIVITY MEASUREMENTS 


The excellence of the electrical conductivity method for 
determining any change in the electrolyte content of an 
aqueous medium naturally led to its adoption for the experi- 
mental work described below. This phase of the investiga- 
tion was especially concerned with determinations pertaining 
to the extraction of electrolytes — including the essential 
nutrient salts—from the roots of plants in distilled water. 
The generally beneficial results attendant upon a frequent 
renewal of the distilled water in which the plants were placed 
has already been noted, as well as the evidence in favor of 
the view that conditions other than extraction of essential 
salts constitute the underlying cause of the deterioration of 
plants in distilled water. 

The next point to be determined was the relative amount 
of the total exosmosis in the renewed distilled water as com- 
pared with that in the unrenewed. In placing roots in dis- 
tilled water it is pertinent to this subject to inquire whether 
all the exosmosis occurs during the first four days. If it does, 
we should have the same amount of extraction in both the 
unrenewed water and that renewed every four days. Or is 
there a renewal of the exosmosis of the electrolytes follow- 
ing the renewal of the water each time, thereby giving rise 
to a greater exosmosis than in the cultures in which the water 
was not renewed? If such a condition obtains and yet in 
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spite of it the renewal of the water shows no baneful effects, 
or indeed produces beneficial results, then may we well con- 
elude, and with increasing assurance, that extraction of 
nutrient salts is in no way responsible for any injury plants 
undergo in distilled water. The results obtained strongly 
substantiate that conclusion. 

A series of cultures (series 6) was set up in which healthy 
plants of Canada field peas were grown in full nutrient solu- 
tion for about three weeks and then transferred, after care- 
fully rinsing the roots, to doubly distilled water. In half of 
the cultures the distilled water was renewed at certain definite 
intervals for each culture, while in the other half of the cul- 
tures the water was not renewed. Conductivity determina- 
tions were then made of the water under both conditions— 
renewal and non-renewal—at certain regular intervals, vary- 
ing for each set of cultures, for several days after the plants 
had been placed in this medium. 

By numerous readings it was ascertained that with a resis- 
tance of 9,110 ohms in the resistance box the average value of 
z on the Wheatstone bridge for the water in the vessel after 
being rinsed and before placing the roots therein was approxi- 
mately 6.0, rarely varying 1 ет. either way. Considering that 
figure, then, as the basis or the starting point for the exos- 
mosis, and subtracting it from the different values found for 
the renewed, and from only the final value obtained for the 
unrenewed distilled water, we get the figures in the last column 
of table vim. 

The plan of the experiment with respect to renewal of the 
distilled water and the time of readings, the values of the 
individual readings, and the comparative amounts which 
represent the total exosmosis of the electrolytes under the 
various conditions of the experiment are all given in table 
уш. The numbers given are the values of z on the Wheat- 
stone bridge when the resistance inserted in the box was 9,110 
ohms. 

It is thus seen that by far the greater exosmosis was ob- 
tained in the case of those cultures in which the distilled water 
was renewed. Another point of interest was the reabsorp- 
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tion of electrolytes—as seen by the decrease in conductivity 
of the medium—in those cultures in which the distilled water 
was not renewed. The reabsorption of electrolytes has been 
observed to be a phenomenon characteristic of normal, healthy 


TABLE VIII (Series 6) 
COMPARATIVE EXOSMOSIS IN RENEWED AND UNRENEWED DISTILLED WATER 


иии:‏ ال 
a e E O_o‏ 


CONDUCTIVITY READINGS Dura- | Total 
tion lincrease 
Culture| Water 0 in 
по. | renewal | Fre- | ist | 2nd | 3rd | 4th | 5th | 6th | 7th | Чеак- conduc- 
quency ment | tivity 
days 











|_| | | | сни | ا‎ аа 





1 Every Every 
day day | 32.9| 10.4] 10.0] 8.9| 9.7| 9.4] 10.2] 7 49.5 

2 None Every 
day | 36.3} 22.8] 21.4] 17.8] 15.2] 12.5| 11.4] 7 5.4 

3 Every Every 
2 Чауз| 2 даув | 10.8| 9.3 9.6] 10.7|....|....|.... 8 16.4 

4 None Every 
2 days | 25.0] 14.3] 13.6|11.0|....|....|.... 8 5.0 

3 Еуегу Еуегу 
4days| 4 days | 12.9] 15.0] 16.1|16.1|....|....|...- 16 36.1 

6 None Every 
4 days | 10.7| 12.41 15.9|19.5|....1....[.... 16 13.5 


peas, when transferred from a full nutrient solution to dis- 
tilled water, after being in the latter medium one or two 
days. 


In order to obtain some additional information regarding 
the relations between the conductivity of the medium and the 
plants grown therein, series 7 containing 50 cultures was set 
up in full nutrient solution, ten Canada field pea plants to 
each eulture. The nutrient solution was not renewed. At the 
end of each five-day period 5 of the eultures were taken down, 
the green weight of tops of the plants in each determined, 
and the conductivity of the solution measured; and from these 
results the average green weight of tops and the average 
conductivity of each set of 5 cultures were obtained. This 
was done throughout the entire period of 50 days. The re- 
sults obtained are given in table rx and plotted as curves in 
fig. 1. In the latter the abscissa represents days, and the 
ordinate both specific conductivity and green weight of tops. 
The values given for conductivity should be multiplied by 107° 
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in order to get the specific conductivity values. In the case 
of the weights the numbers in the margin represent ten times 
the actual weight in grams, e.g., 40 in the margin = 4.0 grams. 

From the results it is seen that both the increase in green 


TABLE IX (Series 7) 
GROWTH OF PLANTS AND оа т FULL NUTRIENT MEDIUM FOR 


: 4 Av. green wt. Specific conductivity * at end 

Cultures pu ору of tops in of period 

nos. dn each culture | — — — ———— — — —————————— 

y grams Minimum Average Maximum 

1- 5 5 3.81 93.22 96.25 98.19 

6-10 10 8.12 57.47 61.03 66.93 
11-15 15 9.47 32.38 34.83 37.59 
16-20 20 8.66 24.38 32.68 46.05 
21-25 25 8.69 15.73 18.19 21.69 
26-30 30 8.00 13.74 20.63 30.28 
31-35 35 7.10 10.02 15.98 21.23 
36-40 40 6.77 11.16 14.23 16.19 
41-45 46 6.09 6.88 11.44 22.51 
46—50 50 5.01 13.00 16.97 28.11 


* The numbers in the three columns are to be multiplied by 107° in order to 
arrive at the specific conductivity values. 


weight of tops and decrease in conductivity of the medium are 
most rapid and pronounced during the first 15 days. After 
that period both the green weight and the conductivity gradu- 
ally decline, but the latter more slowly than the former. 
While the curves of the minimum, average, and maximum 
conductivity remain very close together during the first 15 
days, they become more divergent after that time. The green- 
weight curve shows a gradual decline as the age of the plant 
inereases, after a certain period, due to the drying of the 
tops and consequent loss of water. Different curves would, 
of course, have been obtained had the nutrient solution been 
renewed. 

In table x and fig. 2 are seen the results of series 8, a 
similar experiment with distilled water, the same units being 
used as in the previous ease. The green weight of tops in- 
creased during the first 10 days and then gradually declined 
to the end of the experiment. The conductivity of the water 
was practically the same on the 10th as it had been on the 
5th day. Evidence from other experiments, however, indicates 
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that in the interim the curve might have risen and fallen. 
After the 10th day the curve inclined with fluctuations. Here 
again are seen evidences that the 10-day period for seedlings 
in the distilled water may properly be considered a crucial 
one for the plants. After that time the growth declines and 
the conductivity increases markedly. 


Suspecting that the question of injury to plants in distilled 


AUTA „йыш из 





Specific conductivity and green weight of tops 
COON 


5 10 15 20 25 30 35 40 45 50 
Days 


Fig. 2. The conductivity and growth curves for the unrenewed 
redistilled water in which pea seedlings were grown for 50 days. (For 
complete explanation see the text.) 


water might be intimately bound up with that of lack of 
reserve food materials, the writer carried out an experiment 
bearing upon this matter. The experiment consisted, first, 
in placing some Canada field pea seedlings directly into redis- 
tilled water and determining the specific conductivity of the 
water at intervals for 20 days; and, next, in transferring some 
pea plants which had been grown in full nutrient solution for 
1, 5, 10, 20, 50, and 40 days respectively to redistilled water, 
and determining the specific conductivity of the water at in- 
tervals for 20 days. The results are plotted as curves in 
fig. 3, the conductivity values being represented in terms of 
г on Ше Wheatstone bridge with a resistance of 9,110 ohms in 
the box. Four cultures of 10 plants each (except in the case 
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of the 20-day period in full nutrient solution in which 12 cul- 
tures were used) were grown under each of the specified con- 
ditions, and the eurves represent the averages for the 4 (or 
12) cultures under each condition. To determine how much 


TABLE X (Series 8) 
GROWTH OF PLANTS AND CONDUCTIVITY OF DISTILLED WATER MEDIUM FOR 


: — 
Length ofperiod| Av. green wt. Specific conductivity * at end 








Cultures of period 

"oa. dist. water of tops is 

days grams Minimum Average Maximum 

1- 5 5 2.04 1.46 1.54 1.66 

6-10 10 3.07 1.01 1.34 1.81 
11-15 15 2.89 3.04 5.43 7.41 
16-20 20 2.34 4.34 5.92 8.63 
21-25 25 1.89 5.66 8.15 19.77 
26-30 30 1.55 2.60 8.26 15.82 
31-35 35 1.15 4.43 7.80 17.95 
36-40 40 „12 17.62 19.51 26.04 
41-45 45 ‚ 68 6.87 13.32 17.95 
46—50 50 ‚60 10.51 16.48 29.00 


* The numbers in the three columns аге to be multiplied by 107? in order to 
arrive at the specific conductivity values. 


increase in conductivity was contributed by the glass tumblers 
in which the cultures were grown, 4 such containers filled only 
with redistilled water, and containing no plants, were used and 
the conductivity of the water determined at intervals for 20 
days. It is seen that from the seedlings which had not been 
in full nutrient solution at all (Nos. 5-8) the highest conduc- 
tivity resulted, while from those which were in the full 
nutrient solution longest before being placed in the distilled 
water (Nos. 37-40 and 33-36), the lowest conductivity was 
found at the end of 20 days. The other cultures at the end 
of 20 days were midway between the two extremes. It is also 
seen that, whereas the conductivity curve for Nos. 5-8 shows 
very little tendency to decline in the early stages, the curves 
for the cultures which had first been in full nutrient solution 
show that tendency to a considerable extent. And that ten- 
dency, as we have previously remarked, is a characteristic fea- 
ture of normal plants transferred from full nutrient solution 
to distilled water. 

Attention should be called to the difference in the character 
of the conductivity curves in fig. 2 and that of 5-8 in fig. 3. It 


1915] 
MERRILL—DISTILLED WATER 489 


will be noted that both represent the conductivity curve of dis- 
tilled water containing the roots of seedling peas. The differ- 
ence mentioned no doubt finds its explanation in the different 
conditions under which the two series were grown (the series 
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Fig. 3. The conductivity curves for cultures in distilled water 20 
days—after growth in full nutrient solution for varying periods of time, 
as follows: Nos. 9-12, 1 day; Nos. 13-16, 5 days; Nos. 17-20, 10 
days; Nos. 21-82, 20 days; Nos. 33-36, 30 days; Nos. 37-40, 40 days. 
Nos, 5-8 were grown only in distilled water, while Nos. 1-4 were without 
plants, consisting only of distilled water. 
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for fig. 2 being run in the fall when the seeds were fresh, and 
that for fig. 3 in the winter), in the vigor of the seeds, and in 
the difference in the units used in plotting the curves. It must 
be said, however, that various factors of the problem of 
exosmosis from the roots of plants remain as yet unknown. 

The early drop in the curve of the conductivity of the con- 
trols (1-4) is an interesting feature which would seem to be 
explained by an adsorption of the electrolytes on the surface 
of the chemically clean glass tumblers. 

At the end of 20 days in distilled water the roots of the 
plants which had not been in full nutrient at all showed marked 
deterioration (being badly decomposed and covered with a 
gelatinous coating), while the roots of those which had previ- 
ously been in full nutrient solution for some time remained 
normal in every respect, even after 20 days in distilled water. 

These results seem plainly to indicate that injury which 
plants sustain in distilled water is very closely related either 
to the lack of available nutrients in the medium or of reserve 
food material in the tissues. А seedling is in an exceedingly 
plastic state of growth. If no food materials become avail- 
able the embryonic tissues which are in such an active condi- 
tion of growth soon become disorganized, possibly suffering 
partial autolysis and becoming the prey to bacterial and 
fungous action. We would expect, therefore, that the larger 
the seeds (and hence also the supply of stored materials), the 
longer the seedlings could remain in distilled water before 
deterioration. Comparison of True’s results on Lupinus with 
those here presented on Pisum sativum and Vicia faba seems 
to fulfill that expectation. We should also expect that the 
more nutrient materials the plant absorbed, the better it 
would be able later to withstand any deteriorating influences 
in the distilled water, and the experiment above noted seems 
to bear out that idea also. 

In the light of what has been said we are led to believe that 
the conductivity curve of Nos. 5-8 is not a pure representa- 
tion of exosmosis and that the products of bacterial and 
fungous action and cell decomposition account for at least a 
part of the conductivity. While the same condition may be 
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true of the other cultures to a certain extent, it no doubt plays 
a lesser, and real exosmosis a greater, part. 

In connection with the above experiment it was thought 
desirable to determine whether a difference in the initial tem- 
perature of the water into which the roots were placed had 
any immediate or subsequent effect upon the exosmosis from 
the roots; plants which had been grown in full nutrient solu- 
tion for 20 days were used for this purpose. Four cultures 
were prepared with distilled water at a temperature of 6.5°C., 
four at 17.2°C., and four at 35.0°C., and conductivity readings 
were taken after exactly one-half hour, and then at various 
intervals for 20 days. No attempt was made to keep the water 
at the initial temperatures and it therefore gradually returned 
to the temperature of the room. After one-half hour, when 
the first readings were taken, the respective temperatures 
were 8.9°C., 16.6°C., and 27.4°C. 

The average conductivities of the water of these cultures 
are plotted for 20 days in fig. 4, the same units being used as 
in fig. 3. From these results it may be concluded that the 
initial differences of temperature can not be said to have 
exercised much, if any, effect. The results would probably 
have been different had the temperatures remained at the 
original point during the 20 days. Wächter (205) has con- 
sidered Ше rôle of the temperature factor in exosmosis. 


VIII. Discusston AND CONCLUSIONS 


It is believed that the evidence furnished is sufficient to 
support the conclusion that pure distilled water per se is not 
toxic or injurious to plants, and that various other factors 
enter in to cause the deterioration noted when plants are 
placed in that medium. 

Of course by qualifying the assertion to include pure dis- 
tilled water only, we have thus eliminated the effect that may 
be produced by toxic substances in the distilled water, no 
matter from whence derived. The abundance of work that 
has been done on the toxicity of various substances to plant 
tissues would of course lead us to expect injurious effects if 
such substances were present in any quantity in the distilled 
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water. With that phase of the question we are therefore not 
much concerned at present. With a distilled water prepared 
as indicated, and with a specific conductivity which is approxi- 
mately 2 10-8, we have a water sufficiently pure for use in 
the consideration of other aspects of the question, and atten- 
tion is directed to these. 

The evidence presented has inclined us strongly to the view 
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Fig. 4. The conductivity curves for cultures in distilled water 20 
days—after growth in full nutrient solution for 20 days. The initial 
temperatures of the distilled water into which the roots were placed 
were as follows: Nos. 21-24, 6.5°C.; Nos. 25-28, 17.2°C.; Nos. 29-32, 
35°С. 

that the fundamental basis of the deterioration of plants in 
distilled water rests upon the food relations of such plants, 
but that, on the other hand, an exosmosis of food materials or 
nutrient salts is in no way responsible for the difficulty. It 
is considered that the question of the food relation plays an 
important rôle in the incipiency of the disorder, but that this 
is quickly followed by factors which have been initiated as 
a result of the inimical food or nutrient relation. 
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A plant must assuredly have food in order to thrive. The 
more food it has stored up in its tissues, the longer it can 
survive in a medium devoid of it. But because of the absence 
of available food it is believed that the tissues of the plant 
begin to become disorganized and in that condition fall a 
ready prey to bacterial and fungous action, which may then 
set in and play a very important part in the subsequent de- 
composition of the tissues. 

While it may seem paradoxical to assert in one clause that 
absence of food is the fundamental basis of the injury which 
plants undergo in distilled water, and in the very next to say 
that exosmosis of nutrient salts plays no rôle, yet the results 
obtained have substantiated that idea. Furthermore, it is 
essential to consider the various other factors attendant upon 
these two conditions in order to arrive at the proper conclu- 
sions respecting their operation. Among such factors may 
be mentioned the decrease in conductivity after a short period 
coincident with exosmosis from normal tissues, the relation of 
sterilization to bacterial and fungous action, the recovery of 
plants under different conditions, and the numerous other 
questions already considered in the body of the article, all 
of which lend weight to the conclusions arrived at. 


IX. Summary 


A brief historical review is given in this paper of the views 
held in regard to the cause of injury to plants in distilled 
water. 

The methods of work are outlined. 

The experimental work is given and the results discussed, 
especially with reference to the conclusions of other workers. 

A discussion is given of the results obtained in the experi- 
mental work and the conclusions derived therefrom are stated. 

Some of the results obtained from the experimental work 
may be summarized as follows: 

(a). Renewing the distilled water of the cultures every 4 
days was in general beneficial, as shown by increased growth 
of both tops and roots. The plants were also able to survive 
longer in the renewed than in the unrenewed distilled water, 
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and continued growth better after being placed in a full 
nutrient solution. 

(b). The period between 5 and 10 days in distilled water 
is a crucial one for plants; if they remain longer in this 
medium they are unable to recover normally or completely 
when subsequently placed in a full nutrient solution. 

(c). By keeping the plants in distilled water a certain 
period before transferring to full nutrient solution the ma- 
turity of the plants is delayed. 

(d). The longest period during which plants can be kept 
in distilled water and later recover on being placed in full 
nutrient solution was found to be 30-40 days. For certain 
dilute toxic solutions this period was much less, thus indicat- 
ing that the so-called toxicity of distilled water is, if it exists 
at all, very slight. 

(е). The lateral roots of ‘‘boundary cultures" were 
characteristically long and thread-like. 

(f). Sterilizing the distilled water by boiling one-half hour 
every 4 days exercised a beneficial effect upon the growth of 
plants in that medium as compared with the growth of those 
in unsterilized distilled water. 

(g). Greater total exosmosis was obtained in the renewed 
than in the unrenewed distilled water. 

(h). Normal plants which have been grown for some time 
in full nutrient medium and then transferred to distilled water 
exhibit at first greater excretion than absorption of elec- 
trolytes. After one or two days, however, there is greater 
absorption than excretion and the conductivity curve declines. 
This condition may be maintained for a considerable period. 

(i). The conductivity curve of the full nutrient solution in 
which plants were grown rapidly fell during the first 15 days 
or so; then it was more or less horizontal for a period, and 
finally began to incline after about 50 days. The growth 
curve was in general opposite in character to the conductivity 
curve. 

(j). The conductivity of the distilled water in one series in 
which the roots of pea seedlings were placed was practically 
the same on the 10th as on the 5th day. After the 10th day 
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it rose considerably. The growth curve showed a rise the 
first ten days, then a decline. 

(k). Higher conductivity in the distilled water after 20 
days was caused by plants which had not previously been in 
full nutrient solution than by plants grown for a time in full 
nutrient solution before transference to distilled water. The 
former cultures also failed to give the decline in conductivity 
characteristic of normal plants transferred from full nutrient 
solution to distilled water. 

(1). Greater deterioration of the roots in distilled water 
occurred if the plants had not previously been in full nutrient 
solution than in the case of plants which had been grown for 
a time in the latter medium. 

(m). Initial difference of temperature of the distilled water 
produced no effect on the exosmosis of electrolytes. 
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EXPLANATION OF PLATE 


PLATE 13 
Figure 1. 
Culture no. Conditions of growth. 
1 (2) *Unrenewed distilled H50, 45 days. 
2 (3) Renewed distilled H50, 45 days. 
8 (6) 1 day dist. HO, 44 days in renewed full nutr. 
4 (8) 2 days dist. Н2О, 43 days in renewed full nutr. 
5 (10) 5 days dist. НО, 40 days in renewed full nutr. 
6 (14) 10 days dist. H5O (renewed), 35 in renewed full nutr. 
7 (18) 15 days dist. НО (renewed), 30 in renewed full nutr. 
8 (22) 20 days dist. Н2О (renewed), 25 in renewed full nutr. 
9 (23) 45 days in unrenewed full nutr. 
10 (25) 45 days in renewed full nutr. 


Figure 2. 

(9) 5 days in unrenewed dist. НО, 40 days in unrenewed full nutr. 
(10) 5 days in unrenewed dist. НО, 40 days in renewed full nutr. 
(11) 10 days in unrenewed dist. НО, 35 days in unrenewed full nutr, 
(12) 10 days in unrenewed dist. НО, 35 days in renewed full nutr. 
(13) 10 days in renewed dist. H5O, 35 days in unrenewed full nutr. 
(14) 10 days in renewed dist. НО, 35 days in renewed full nutr. 

(19) 20 days in unrenewed dist. НО, 25 days in unrenewed full nutr. 
(20) 20 days in unrenewed dist. НО, 25 days in renewed full nutr. 
(21) 20 days in renewed dist. H5O, 25 days in unrenewed full nutr. 
10 (22) 20 days in renewed dist. НО, 25 days in renewed full nutr. 
* The numbers in parentheses correspond to the culture numbers of series 1. (See 
table т.) 
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Figure 1. 


Culture no. 
(2)*33 days in unrenewed dist. Н5О at time picture was taken. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
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(3) 
(6) 
(8) 
(10) 
(14) 
(18) 
(22) 
(23) 
(26) 


Figure 2. 


(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(19) 
(20) 
(21) 
(22) 


EXPLANATION OF PLATE 
PLATE 14 


Conditions of growth. 


33 days in renewed dist. НО at time picture was taken. 

1 day т dist. НО, 32 days in renewed full nutr. 

2 days in dist. H20, 31 days in renewed full nutr. 

5 days in unrenewed dist. НЬО, 28 days in renewed full пит. 
10 days in renewed dist. HO, 23 days in renewed full nutr. 
15 days in renewed dist. НО, 18 days in renewed full nutr. 
20 days in renewed dist. H20, 13 days in renewed full nutr. 
33 days in unrenewed full nutr. 

33 days in renewed full nutr. 


5 days in unrenewed dist. HO, 28 days in unrenewed full nutr. 

5 days in unrenewed dist. H5O, 28 days in renewed full nutr. 

10 days in unrenewed dist. НО, 23 days in unrenewed full nutr. 
10 days in unrenewed dist. НО, 23 days in renewed full nutr. 
10 days in renewed dist. H20, 23 days in unrenewed full nutr. 
10 days in renewed dist. НФО, 23 days in renewed full nutr. 

20 days in unrenewed dist. H20, 13 days in unrenewed full nutr. 
20 days in unrenewed dist. H5O, 13 days in renewed full nutr. 
20 days in renewed dist. H20, 13 days in unrenewed full nutr. 
20 days in renewed dist. Н50, 13 days in renewed full nutr. 


* The numbers in parentheses correspond to the culture numbers of series 2. (See 
table ти.) 
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EXPLANATION OF PLATE 


PLATE 15 
Figure 1. 
Culture по. Conditions of growth. 


(1)*10 days in unrenewed dist, Н,О, 42 days in unrenewed full nutr. 
(2) 10 days in unrenewed dist. H5O, 42 days in renewed full nutr. 
(3) 10 days in renewed dist. НО, 42 days in unrenewed full nutr. 
(4) 10 days in renewed dist. H50, 42 days in renewed full nutr. 

20 days in unrenewed dist. НФО, 32 days in unrenewed full nutr. 


) 
(6) 20 days in unrenewed dist. НО, 32 days in renewed full nutr. 
(7) 20 days in renewed dist, H20, 32 days in unrenewed full nutr. 
(8) 20 days in renewed dist. НО, 32 days in renewed full nutr. 
(9) 30 days in unrenewed dist. Н5О, 22 days in unrenewed full nutr. 
10 (10) 30 days in unrenewed dist. НО, 22 days in renewed full nutr. 
11 (11) 30 days in renewed dist. НЬО, 22 days in unrenewed full nutr. 
12 (12) 30 days in renewed dist. HO, 22 days in renewed full nutr. 
13 (13) 40 days in unrenewed dist. Н5О, 12 days in unrenewed full nutr. 
14 (15) 40 days in renewed dist. H20, 12 days in unrenewed full nutr. 
Figure 2. 
1 (1) 32 days in unrenewed dist. H30. 
2 (2) 32 days in renewed dist. H50. 


3 (20) 32 days in unrenewed N/20 MgCl & N/1000 CaClo. 
4 (22) 1 day in unrenewed N/20 MgCl; & N/1000 CaCly, 31 days unre- 
newed full nutr. 
5 (23) 2 days in unrenewed N/20 MgCl, & N/1000 CaCls, 30 days un- 
newed full nutr. 
6 (24) 4 days in unrenewed N/20 MgCl, & N/1000 CaClo, 28 days un- 
newed full nutr. 
7 (25) 8 days in unrenewed N/20 MgCl, & N/1000 CaCl, 24 days unre- 
newed full nutr. 
8 (26) 12 days in unrenewed N/20 MgCl; & N/1000 CaCly, 20 days un- 
newed full nutr. 
9 (27) 16 days in unrenewed N/20 MgCl, & N/1000 СаС1ь, 16 days unre- 
newed full nutr. 
10 (28) 20 days in unrenewed N/20 MgCl, & N/1000 CaCly, 12 days unre- 
newed full nutr. 
11 (29) 32 days in unrenewed full nutrient solution. 


*The numbers in parentheses correspond to the culture numbers of series 3. (See 
table v.) 
+The numbers in parentheses correspond to the culture numbers of series 4. (See 
table ут.) 
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EXPLANATION ОЕ PLATE 


PLATE 16 

Figure 1. 

Culture no. Conditions of growth. 
(1) *30 days in unrenewed distilled Н.О. 
(2) 30 days in renewed distilled HO. 
(3) 30 days in distilled H50, sterilized every four days. 
(4) 30 days in distilled H20, sterilized every four days. 
(5) 30 days in unrenewed full nutrient solution, 
(6) 30 days in renewed full nutrient solution. 

Figure 2. 
Showing the method used for seed germination. 


*The numbers in parentheses also correspond to the culture numbers of series 5. 
(See table уп.) 
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